The herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) is widely used in both agricultural and domestic weed control applications. While it is rapidly degraded in most environments, the initial step in the degradation of 2,4-D is a dioxygenase-mediated attack on the acetic acid moiety, yielding glyoxylate and 2,4-dichlorophenol (DCP) (13) . At concentrations ranging from 120 to 250 M, DCP is known to be toxic to 2,4-D degraders and other microorganisms (8, 28) , giving rise to concern over the fate of 2,4-D in the environment. As both 2,4-D and DCP are moderately nonpolar molecules, they have a tendency to partition into organic matter. This reduction in bioavailability is difficult to assess with traditional analytical approaches but is an important factor affecting the longevity of these compounds in the environment.
Bioreporters are being increasingly used as a nondestructive means of assaying gene expression, thereby allowing the assessment of biologically relevant analyte concentrations. Analysis of gene expression typically relies on transcriptional fusions between a promoter of interest and a reporter gene. Commonly used reporter genes include lacZ, gfp, luxAB, and luxCDABE. Use of the entire luxCDABE gene cassette has been extensive (1, 2, 7, 17, 22, 35, 36) because such reporters do not require the addition of an exogenous substrate for signal production. The bioluminescent signal generated by lux-CDABE fusions is typically short-lived, thus allowing for repetitive sampling under dynamic conditions. Similar bioreporters have recently been shown to be compatible with emerging signal detection technologies, such as integrated circuits capable of processing and communicating signal input (39) . We report here on the development of a bioluminescent reporter for the detection of 2,4-D degradation in aqueous samples and demonstrate its use in slurries containing aged 2,4-D residues.
Strain construction. Ralstonia (formerly Alcaligenes) (44) eutropha JMP134 contains plasmid pJP4, which encodes all the enzymes involved in the metabolism of 2,4-D. This plasmid and the associated enzymes have been well characterized (10, 26, 27, 30, 41) . As transcription of the genes associated with 2,4-D degradation is known to be inducible (12, 23) , construction of a functional bioreporter was deemed feasible. To construct such a reporter both promoter and regulatory elements were selected from pJP4 and fused to promoterless lux reporter genes (33) .
The tfdDII promoter (tfdP DII ) was chosen because it has two domains that are identical to those of the promoter of tfdA (27) but does not contain a piece of the ISJP4 insertion element, which has interrupted the tfdA promoter region (24) . To fully activate transcription of the genes encoding 2,4-D-degradative enzymes, TfdR, a LysR-type DNA binding protein, is required (25) . In order to efficiently incorporate both of these elements into the construct, a 1.1-kb fragment containing both tfdP DII and tfdR was amplified from the plasmid pJP4. Amplification of this fragment was facilitated by two PCR primers made using a DNA 1000 Oligo Synthesizer (Beckman, Fullerton, Calif.). The first primer, GCGGCCGCCTATTTCTGTCCTT TCCCGCG, targeted the region just downstream of the 3Ј end of tfdR and contained an introduced NotI site on its 5Ј end (underlined). The second primer, ACTAGTCGCAGCGGCA GATCG, was targeted to the 5Ј end of tfdDII and contained an SpeI site on its 5Ј end (underlined). PCR was achieved using a modified touchdown protocol (34) in a PT200 thermocycler (MJ Research, Watertown, Mass.). After an initial 5-min denaturation at 95°C, 10 cycles were executed in which the denaturing, annealing, and extension times and temperatures were 95°C for 30 s, 65°C for 1 min, and 72°C for 2 min. During these first 10 cycles the annealing temperature was lowered by 1°C per cycle. An additional 20 cycles were then executed with an annealing temperature of 55°C. The resulting amplicon containing the promoter sequence upstream of tfdDII and tfdR in its entirety was cloned into pCR2.1-TOPO using a TOPO TA cloning kit from Invitrogen (Carlsbad, Calif.). The resulting plasmid, pTFDR, was digested with NotI and SpeI, yielding a 1.1-kb fragment which was ligated into pUTK215 (20) , a modified mini-Tn5 suicide delivery system containing a promoterless luxCDABE cassette from Vibrio fischeri (33) that was previously digested with NotI and XbaI. The ligation mix was transformed into electrocompetent Escherichia coli S17(pir) (9) using an Electroporation System Electro Cell Manipulator 600 (BTX, San Diego, Calif.) according to the manufacturer's instructions. Transformants were selected on Luria-Bertani plates containing kanamycin (50 mg/liter). Plasmid DNA was isolated from the transformants and analyzed using restriction endonucleases to confirm the presence of the tfdP DII -tfdR fragment. A plasmid containing this insert was named pUTK220 (Fig. 1) . In all cases plasmid and chromosomal DNA were isolated and enzymatically modified according to procedures outlined by Ausubel et al. (4) .
E. coli SV17(pir) pUTK220 was mated with R. eutropha JMP134. Transformants were plated on minimal salts medium (MSM) containing 2.25 mM 2,4-D and kanamycin (50 mg/liter) (40) . Colonies able to grow on 2,4-D in the presence of kanamycin were transferred to Luria-Bertani plates containing 2.25 mM 2,4-D and were inspected in the dark for the production of light. Two transformants producing enough light to be visible in a dark room were further analyzed with regard to the kinetics of light production in the presence of 2,4-D at various concentrations (data not shown). Of these two, a transformant designated strain JMP134-32 was chosen for further analyses.
To ascertain whether transposition from pUTK220 had occurred in the chromosome or into the endogenous plasmid pJP4, both total DNA and plasmid DNA were loaded independently onto a Biotrans nylon membrane from ICN (Irvine, Calif.) using a Bioslot apparatus from Bio-Rad (Hercules, Calif.). The membrane was first hybridized with a 32 P-labeled, PCR-generated luxAB probe amplified from V. fischeri (2) and was then stripped and reprobed with a 32 P-labeled, PCR-generated tfdC probe amplified from pJP4 (31) . Blots were hybridized and washed as described previously (1) JMP134-32 on nonselective YEPG medium (1). After 10 passages or approximately 65 generations, the culture was serially diluted and spread onto YEPG plates amended with kanamycin (50 mg/liter). Colony hybridizations (3) were then performed using the luxAB probe mentioned above and visualized using the Storm 840 PhosphorImager. All colonies probed positive for the lux genes, demonstrating maintenance of the construct in recombination-proficient JMP134-32 without selection. Bioluminescent response. The bioluminescent response to 2,4-D was determined using a growing-cell assay that has been described previously (17) . Briefly, JMP134-32 was grown to an optical density at 600 nm of 0.35 in YEPG at 28°C. Strain JMP134-32 was exposed to 2,4-D (98% pure) from Aldrich Chemical Company (Milwaukee, Wis.) by adding 50 l of the YEPG-grown cells to 50 l of MSM containing 2,4-D at various concentrations. The 2,4-D additions were serially diluted into MSM from a 5.0 mM stock dissolved in MSM. Light was measured in quadruplicate, using static opaque 96-well plates, in a Wallac 1450 Microbeta Plus liquid scintillation counter (Wallac, Turku, Finland) at room temperature. Preliminary experiments showed that 60-to 100-min incubations were sufficient to provide a consistent light response. The mean light response to 2,4-D concentrations from 0.0 M to 1.1 ϫ 10 2 M was obtained after 100 min of incubation and is plotted (Fig.  3 ). There was a statistically significant (P Ͻ 0.05) linear bioluminescent response by R. eutropha JMP134-32 to increasing concentrations of 2,4-D (from 2.0 M to approximately 112 M) (R 2 ϭ 0.9825). At concentrations above 112 M and up to 1.25 mM, the response appeared to follow saturation kinetics, with a maximal bioluminescent response induced by 1.25 mM 2,4-D (Fig. 4) .
Toxic effects, as measured by a 10 to 20% reduction in optical density at 600 nm, were observed at 2,4-D concentrations greater than 1.25 mM. The observed decrease in optical density is consistent with published reports which demonstrate that the accumulation of DCP during 2,4-D degradation in more complex media can be toxic (8, 23) . The decrease in optical density alone, however, cannot explain the magnitude of the decrease in light output observed at 2,4-D concentrations above 1.25 mM (Fig. 4) . The mechanism of DCP toxicity is assumed to be the same as that for other chlorinated phenols which are known to act as uncouplers of electron transport and can make membranes permeable to small molecules, such as ATP (15, 23) . It is therefore possible that decreased light output at higher 2,4-D concentrations (Fig. 4 ) results in part from the rapid loss of ATP to the extracellular milieu when DCP accumulates and disrupts the membrane. ATP is a reactant required for light production (39) , and its loss to the supernatant would dramatically reduce both cellular energy level and total light output.
R. eutropha JMP134-32 was also incubated with several other compounds to determine the range of inducing substrates. DCP, 3-chlorobenzoate, and benzoate were 99% pure, while 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) was 97% pure. The chemicals listed above were obtained from Aldrich. 4-Nitrophenoxyacetic acid was obtained from TCI America (Portland, Oreg.) and was 98% pure. Light production was not induced by 2,4,5-T during the same time period (0 to 4 h). Bioluminescence was not observed in the presence of either benzoic acid or 4-nitrophenoxyacetic acid but was induced in the presence of both DCP and 3-chlorobenzoic acid (3-CB). The bioluminescent response to 3-CB was measured in the same manner as was that induced by 2,4-D. However, the volatile nature of DCP precluded its measurement using the Wallac 1450. DCP was therefore measured in triplicate by placing sealed sample vials into a light-tight box connected to a Detection System 7070 photomultiplier (Oriel, Stratford, Conn.) via a liquid light pipe (17) . Light from samples containing 100, 75, 50, or 25 M 2,4-D was also measured using the Oriel System 7070. As responses to 2,4-D measured by both instruments were linear in this range, a conversion factor was derived that allowed the direct normalization of Orielderived DCP data to output from the Wallac 1450. The means of the normalized data obtained after 100 min of incubation are plotted (Fig. 4) .
Not surprisingly, the bioluminescent response of strain JMP134-32 to low levels of DCP was very similar to its response to 2,4-D. DCP is known to be an intermediate in the metabolism of 2,4-D (11) and has been used as an inducing agent for increasing the production of enzymes involved in 2,4-D degradation (26) . This is likely due to its conversion to 2,4-dichloromuconate, a breakdown product of both 2,4-D and DCP and a known inducing agent of the 2,4-D pathway (12) . Strain JMP134-32 showed a statistically significant increase in light production concomitant with increasing DCP concentrations from 1.0 M to 1.1 ϫ 10 2 M. However, toxic effects were observed at much lower concentrations of DCP than with 2,4-D. These toxic effects are consistent with published observations concerning the effects of DCP concentrations greater than 200 M on 2,4-D-degrading organisms (28) . Given the strong bioluminescent response of strain JMP134-32 to 2,4-D and DCP, the limited response to 3-CB, especially at low concentrations, was surprising (Fig. 4) . Although light production was statistically greater than the control at 3-CB concentrations of 12 M, the amount of light was not statistically significantly different from that produced in the presence of 3-CB concentrations as high as 5.0 ϫ 10 2 M. More dramatic increases in light production did not occur in the presence of 3-CB until concentrations exceeded 1.0 mM, with maximal measured light production occurring in the presence of 2.5 mM 3-CB (Fig. 4) .
Light production in the presence of 1.2 mM 3-CB was approximately twofold greater than background levels. This is consistent with the findings of Leveau and van der Meer (25), who reported a two-to threefold increase in 3,5-dichlorocatechol dioxygenase activity toward 3-chlorocatechol by cells containing a functional regulatory protein (TfdR) grown in the presence of 1.0 mM 3-CB. When knockout mutants of JMP134 unable to degrade the inducer, 2,4-dichloromuconate, were grown in the presence of 2.25 mM 2,4-D, Filer and Harker (12) were also able to detect an approximately twofold increase in transcription of the tfdCDEF operon.
The bioluminescent response of strain JMP134-32 in the presence of approximately 2.25 mM 2,4-D was more than 20-fold higher than the background level and 10-fold higher than that reported by Filer and Harker (12) . Comparisons between different reporter systems are difficult to make due to possible differences in the stability of the reporter transcript, the strength of the ribosomal binding site, and the longevity of the protein (43) . However, it is unlikely that the observed differences between the reporter constructs are related to the strengths of the different promoters, as Leveau et al. (23) have recently shown that the relative abundance of mRNA transcribed from the tfdC and tfdD II promoters is not dramatically different. Although the reasons for differences in signal strength are unclear, the low signal-to-noise ratio in response to 2,4-D, combined with the easily measured bioluminescent signal, makes JMP134-32 a candidate for use as a bioreporter in more complex substrates than just minimal media.
To assess the usefulness of JMP134-32 in more environmentally relevant samples, bioluminescence assays were performed on soil extracts and soil slurries from Agent Orange-contaminated soils. Soil was obtained from a loading-unloading area at Hardstand 7, Eglin Air Force Base (Niceville, Fla.). To determine the concentrations of the contaminants, soil was extracted by shaking it for 30 min with a 1:1 mixture of hexane and acetone. The extracts were analyzed using a Supelcosil LC-18-T reverse-phase C 18 column (Supelco, Bellefonte, Pa.) attached to a binary LC 250 series pump (Perkin-Elmer, Foster City, Calif.) and a Perkin-Elmer model LC-235 diode array detector. Data analysis was achieved using the Turbochrome version 4.1 software package (Perkin-Elmer, PE Nelson Division, San Jose, Calif.). Samples were eluted at a flow rate of 1.0 ml/min with a 0.025% H 3 PO 4 -acetonitrile gradient, as follows: 0% acetonitrile (isocratic, 5.0 min), 0 to 50% acetonitrile (5.0-min ramp), 50% acetonitrile (isocratic, 20 min), and 50 to 0% acetonitrile (5.0-min ramp). Absorbance of eluted compounds was monitored at 210 nm.
High-performance liquid chromatography (HPLC) analysis revealed the soil to have 22.4-mg/kg and 73.8-mg/kg concentrations of 2,4-D and 2,4,5-T, respectively, while DCP and 2,4,5-trichlorophenol concentrations were both found to be less than 1 mg/kg (31) . Initial experiments involved washing 5.0 g of soil with 5.0 ml of MSM. The slurries were centrifuged at 10,000 ϫ g for 10 min after being shaken for 24, 48, or 120 h. Then 100 l of the supernatant was added to 100 l of JMP134-32 that had been grown in YEPG medium to an optical density at 600 nm of 0.35. Cells were also added to a negative control consisting of MSM alone and a positive control consisting of MSM plus 2,4-D (20 mg/liter). No bioluminescence was observed in the soil extracts. HPLC analysis of these soil washings revealed trace levels of 2,4-D and 2,4,5-T that were below the HPLC quantitation limit (2.3 ϫ 10 2 nM) and below the level required to induce a significant bioluminescent response in MSM (2.0 M).
Under the assumption that cells added directly to a soil slurry may act as a sink for 2,4-D (5), JMP134-32 was grown to an optical density at 600 nm of 0.5 in YEPG and centrifuged at 10,000 ϫ g for 10 min. The cells were then resuspended in 0.5 volume of MSM to a final optical density at 600 nm of 1.0 and were added to soil (1.0 ml of cells/g of soil). Triplicate 100-l samples of the slurry were monitored for bioluminescence as described above. To control for nonspecific induction of bioluminescence, the procedure described above was repeated using a previously characterized bioreporter, Pseudomonas fluorescens 5RL, which is insensitive to 2,4-D (19) . No bioluminescence was observed when 5RL was added to the contaminated soil (data not shown).
Although there appeared to be a significant lag compared to the performance of the aqueous positive control, a significant bioluminescent response was observed after the addition of JMP134-32 to 2,4-D-contaminated soil (Fig. 5) . A similar lag in bioluminescent response was observed when P. fluorescens HK44, a bioluminescent reporter bacterium responsive to naphthalene, was incubated with naphthalene-contaminated soils (21) . The authors suggested that the lag was due to the quenching of emitted light by soil particles in the slurry. Since the soil-washing experiment demonstrated that 2,4-D and DCP concentrations in the extracts were below the levels required for significant light induction (Ͼ2.0 M), the bioluminescent signal recorded most likely resulted from metabolism of 2,4-D that had partitioned from the soil to the cells. The observed lag may therefore indicate that desorption of 2,4-D from the soil is a rate-limiting step. This is consistent with the findings of Ogram et al., who demonstrated that only solution-phase 2,4-D was readily degraded in soil slurries (29) .
The decrease in bioluminescence observed in the aqueous control after 80 min ( sis rates of tfdA and tfdB, resulting in a transient 100-fold relative increase in tfdA transcript abundance (23) . As mentioned earlier, the resultant accumulation of DCP may also damage cell membrane integrity, resulting in the rapid loss of ATP (15) , thereby limiting bioluminescence.
Conclusions. The limited responsiveness to 3-CB combined with sensitivity to low concentrations of both 2,4-D and DCP makes strain JMP134-32 a potentially useful bioreporter for the detection of 2,4-D and its breakdown products in aqueous samples. The specific nature of this reporter is a simple alternative to fingerprinting methods which rely on the response of multiple bioreporters, each consisting of the promoter from a general stress gene fused to a reporter gene (6) . Such systems relying on multiple reporters could give misleading signals that cannot be controlled for if unknowns contain solvents (16) . Producing a positive signal specifically in response to 2,4-D and DCP, strain JMP134-32 also differs from Burkholderia sp. strain RASC c2, a recently described DCP-degrading bacterium that contains a lux cassette expressed from an uncharacterized constitutive promoter (37) . Strain RASC c2 has no reported response to 2,4-D and responds to DCP only as one of many potential food sources or toxicants (38) .
Having its reporter element chromosomally encoded, strain JMP134-32 is not prone to problems encountered by plasmidbased systems, such as copy number effects (42) or the need for selective pressure in order to ensure that plasmid loss does not occur (32) . The inclusion of tfdR also makes for a versatile autonomous reporter that could be placed in other organisms unable to degrade 2,4-D, thereby allowing measurement of extracellular metabolite concentrations.
This reporter construct has been used to successfully detect 2,4-D in aqueous media and also in slurries containing soil with aged 2,4-D residues. Response to aged 2,4-D residues in soil took longer than response to 2,4-D in aqueous media. Although the soil slurry may have quenched some of the bioluminescent signal, more work needs to be done to determine the correlation between this observed lag in bioluminescence and the bioavailability of 2,4-D residues in soil.
Specific applications of this bioreporter must be carefully evaluated, as underestimation of 2,4-D or DCP concentration or false-negative results may occur if 2,4-D or DCP is at toxic levels in the sample. This limitation is easily addressed by performing analyses on samples that have been serially diluted in an appropriate medium (14) . Increased bioluminescence in more dilute samples would indicate diminished toxicity and serve as an effective control. Spiking samples that do not emit light with known concentrations of 2,4-D is another means of assessing possible false negatives as a result of toxicity-related issues. Despite these limitations, the work described in this report details the development of a whole-cell bioluminescent reporter for the detection of 2,4-D that is rapid and easy to perform and may be useful in elucidating factors involved in the bioavailability of 2,4-D in environmentally relevant samples. 
